Abstract: In this experimental study, we conducted measurements using a 128-element ultrasonic array system. Ultrasonic images generated by the conventional migration method were compared with the Envelope method, a promising high-resolution imaging technique. To determine the image quality of an ultrasonic measurement system that uses fewer elements, we selected 64, 32, 16 and 8 elements from the total 128 elements used in our imaging process. The results show that in homogeneous environments the Envelope method can produce clearer images than those produced by the conventional method even when using a small number of elements, suggesting that the introduction of the Envelope method could be an effective way of reducing the number of elements employed in array systems, while maintaining high image quality.
INTRODUCTION
Medical ultrasonic imaging is of great interest because of its wide range of clinical applications. In particular, estimating the shape of a surface is an important application, and includes monitoring of the development of an embryo [1] , the evaluation of cardiac function [2] and monitoring of gas and fluid flow in a vessel [3] . These studies scan the ultrasound probe manually or mechanically to obtain high-resolution images. The introduction of an element array is indispensable to the improvement of imaging capability in terms of resolution and frame rate.
Imaging by ultrasound computer tomography (CT) is considered an attractive alternative to X-ray CT. The ultrasound CT technology employs element arrays to achieve high-resolution imaging, and offers safe and noninvasive medical imaging compared with X-ray CT [4] [5] [6] [7] [8] .
In general, an array probe with a large number of elements is required to achieve better image quality. However, it is not easy to implement a large-scale element array because of its high cost, which has been a major factor inhibiting its wider application within the field of medical ultrasound imaging [9] . To resolve this problem, sparse array technology has been studied [10] [11] [12] . By randomly eliminating some elements, sparse arrays can reduce the number of elements while maintaining sharply focused beams. In this paper, we propose another method of reducing the number of elements by addressing on the signal processing aspect of the ultrasound imaging.
In the field of ultra wide-band radar imaging, an accurate imaging technique known as the Envelope method has been proposed [13] for the imaging of a simplified target model with a clear boundary placed in relatively homogeneous media. The high performance of the Envelope method with ultra wide-band radar systems has been confirmed through experimental studies [14, 15] . Saho et al. presented the results of applying the Envelope method to ultrasonic measurement data [16] , in which the transmitting and receiving elements were installed on a robotic arm to enable mechanical scanning. Unfortunately, the Envelope method was specifically developed for a linear element array, and not for other array layouts such as the concave array, which is more suitable for most medical ultrasound imaging devices [17, 18] .
Helbig et al. reported on an imaging method for a concave element array [19] , and introduced an extended version of the SEABED method [20] , a well known highspeed imaging algorithm. Although the SEABED method is similar to the Envelope method, it has been reported that the Envelope method is more robust for noisy data than the SEABED method [13] . Consequently, there appears to be promising potential for obtaining better imaging performance by developing an extended version of the Envelope method for use with concave arrays.
In this paper, we extend the original Envelope method so that it can be applied to concave arrays, and apply the extended Envelope method to ultrasonic experimental data measured with three 128-element concave arrays. The aim of this work is to demonstrate that the extended Envelope method produces high-quality images compared with the conventional migration method, and to verify that the image quality does not deteriorate when employing the extended Envelope method when using a small number of elements.
SYSTEM MODEL
The measurement system for the ultrasonic imaging experiment is shown in Fig. 1 . For simplicity, we employ a 2-dimensional experimental setup. We positioned three 128-element arrays around a water tank. The elements of each array are spaced at intervals of 0.6 mm along a circle with a diameter r 0 of 50 mm. The array aperture is 127 Â 0:6 mm ¼ 76:2 mm, which corresponds to an angular spread of 87. 3 in the circular water tank. The experimental setup and the definition of the spatial coordinates is shown in Fig. 2 , where the first element #1 of the array is located on the x-axis. An acrylic circular cylinder is located at the x À y coordinates, (1.1 mm, À2:0 mm) in the water tank. Double-cycle pulses with a center frequency of 2.0 MHz are transmitted from each element; the echoes are received by the same element sequentially as in Fig. 3 , essentially forming a mono-static measurement system. For each element array, a total of 128 signals are received in the time domain. These signals are first stored in memory and then processed to produce images of the target.
We define r i (i ¼ 1; 2; Á Á Á ; 128) as the position of the i-th element of each array. The signal s i ðtÞ is the echo associated with the i-th transmitting and receiving element. Received signals s i ðtÞ are processed with a matched filter that is designed to be matched to the transmitted waveform. In this paper, we use a filter with an impulse response pðtÞ given by
where ' ¼ 0:4 msec and f ¼ 2:0 MHz. Figure 3 shows a signal measured by the experimental system with and without applying the matched filter. After applying the matched filter, the signal has a higher signal-to-noise ratio (S/N) and the waveform becomes more symmetrical.
IMAGING METHODS

Migration Method
The migration method is often used for medical imaging where the image SðxÞ is calculated as
where x is the position vector in the image. This is a simple imaging process whereby the received signal is shifted by the assumed propagation path length such that all signals are coherently superimposed to focus on the targets. Although most of the imaging methods used for medical imaging assume a bi-static measurement system, for simplicity, we employ a mono-static system with the migration method. 
Envelope Method
The Envelope method produces an image as an envelope of ellipses with the foci on the elements [14] . For mono-static measurement data, the image is produced with an envelope of circles, not ellipses. The original Envelope method can be applied only to data measured with a linear element array or a probe scanned linearly. In this section we propose an extended Envelope method and apply it to a concave ultrasound array measurement system. First, peak points are extracted after applying the matched filter, satisfying ds i ðtÞ dt ¼ 0; ð3Þ
where is a positive constant for eliminating noise components. This value can be chosen based on the standard deviation ' n of a distribution function of the Gaussian noise model; e.g. ¼ 3' n . As we assume a single target in this study, only one peak point is estimated for each i, and the estimated delay time t ¼ T i is uniquely determined. Next, the method calculates points on the circle with the center point at r i and the radius a i ¼ cT i =2. Points x ¼ x i;k on the circle are calculated as
where the i-th element is located at r i ¼ r 0 ðcos i ; sin i Þ.
Then, x i;k is transformed into polar coordinates as
Substituting Eq. (5) into Eq. (7), we obtain
Finally, the image surface RðÉÞ for a convex target in polar coordinates is calculated by solving the following conditional minimization problem RðÉÞ ¼ min
where the degree of freedom for the optimization variables ði; kÞ is only one in Eq. (10), because of the constraint in Eq. (11) . The final image SðxÞ is generated by using RðÉÞ as
where the intensity AðÉÞ of the image is defined as
Here, i 0 is the optimum element number i that minimizes the right-hand side of Eq. (10).
IMAGING WITH ULTRASONIC MEASUREMENT DATA
In this section, we present the results of applying the two methods to the measured data. The averaged peak S/N is 23.0 dB after processing the measured data with the matched filter. Here, this peak S/N is defined as
where N e is the number of elements employed for imaging, s i ðtÞ and n i ðtÞ are the echo and noise after applying the matched filter. First, we show the imaging performance using data measured with the array probe 1 in Fig. 2 out of the three array probes. Figure 4 shows the estimated images with the migration method using 128, 32 and 16 elements of the element array, where 32 and 16 are selected at fixed intervals, i.e. the elements #1, #5, #9, Á Á Á, #125 are used for imaging with the 32-element array. The image is normalized to the maximum value in the image. The dashed lines show the actual target shape. Numerous undesired artifacts are visible, especially when using a smaller number of elements. Less artifacts are seen when using 128 elements as they are cancelled out in the summation process described by Eq. (2). Figure 5 shows the received waveforms (solid lines) and the estimated delay time (the dashed line) for each element as given by Eq. (4). Note that the delay time has been smoothly estimated. Figure 6 shows the estimated images produced with the Envelope method using the same data set as shown in Fig. 4 . The images are clearer than the images in Fig. 4 and are minimally degraded even when using a small number of elements. This is because the delay time is estimated in the time domain when using the Envelope method, which prevents unwanted interference between echoes. Figure 7 shows the root mean square (RMS) error of images acquired by the two imaging methods and when using different numbers of elements (8, 16, 32, 64 and 128) to quantitatively evaluate the imaging performance. The RMS error e is calculated using an image SðxÞ as
where cðxÞ is the point on the actual target surface that is closest to the point x. The image clearly shows that the Envelope methods suppresses artifacts and retains the capability for accurate imaging even when employing a small number of elements. Figure 8 shows the relationship between the RMS error and the peak S/N. The RMS error for the migration method is larger than 1.0 mm even for S=N ¼ 40 dB, while the Envelope method gives accurate images with an RMS error less than 0.5 mm for S=N > 17 dB. The RMS error for the migration method using 32 elements has a floor around 3.6 mm and does not improve even for a higher S/N because the artifacts in the image are not caused by the noise, but by interference between different echoes. The RMS error for the Envelope method is not sensitive to the number of elements because the number of elements determines the resolution and has little effect on accuracy.
We have applied the imaging methods to the data measured with only one of the three array probes. The images obtained with three array probes are shown in Fig. 9 to demonstrate the imaging performance. The imaging process for each array is the same as that explained above. The number of elements for each probe is set to 32. Using three array probes, a wider range of the target shape is imaged. It is verified that the Envelope method outperforms the migration method with a reduced number of elements and using three array probes. The RMS error values are 3.5 mm and 0.31 mm for the migration and Envelope methods.
COMPARISON WITH ADVANCED METHOD
In the previous sections, we investigated the performance of the proposed method by comparing it with the migration method only. However, the migration method is not specifically designed for medical ultrasonic imaging. In medical imaging, both the media and targets are inhomogeneous, and they generate speckle noise. To address this problem, the wavelet-based frequency decomposition imaging method was proposed by Cincotti et al. [21] . This method employs wavelet packets (WP) to decompose signals into multiple sub-band signals, and is one of the frequency compounding imaging methods. The frequency compounding imaging has already been clinically applied and reported to be effective [22] .
We apply the WP decomposition imaging method to our signals to verify the performance. The parameters are the same as in [21] , where four-level WP decomposition is assumed using a Daubechies db3 wavelet to decompose each signal into sixteen sub-band signals. Next, a soft threshold algorithm is applied to these wavelet components, where the threshold t h ¼ s e ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2 log 2 N p is determined with a data length N ¼ 512 and a risk-related parameter s e ¼ 0:1. Finally, using the migration method, sixteen reconstructed signals are used to generate sixteen images, which are incoherently summed to produce the final image.
The solid and broken lines in Fig. 10 represent the sixteen sub-band waveforms and filtered ones, respectively, where the scales are denoted by numbers, with the lowest and highest frequency sub-bands corresponding to 1 and 16, respectively. Large components are localized to a few scales, while other small components are suppressed with the nonlinear filter. Figure 11 shows the images estimated using the WP decomposition imaging method. The target shape can be estimated in these images despite them being blurred because of the incoherent summation of sub-band images. The RMS error values are 1.37 mm, 3.56 mm and 3.58 mm for 128, 32, and 16 elements, respectively. Incoherent summation was introduced to suppress speckle noise caused by the inhomogeneity of the media. In our case, however, the media is assumed to be homogeneous, so the sub-band decomposition method does not contribute to suppressing artifacts in the images.
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DISCUSSION
A method to reduce the number of ultrasound elements for monitoring liquid flow in a pipe has been proposed by Yang et al. [23] who introduced a non-linear thresholding technique. This technique varies the threshold to remove image artifacts depending on the distance between the element and the pixel position. However, it requires the determination of two parameters that consider image quality, which is not always an easy task. In this paper we have presented another method for reducing the number of elements while maintaining a high level of imaging accuracy.
As mentioned in Section 3.1, the assumed imaging model is based on a mono-static measurement system, not a bi-static one. Considering that bi-static measurements are typically used for medical imaging, an important future task will be to compare the performance of the two imaging methods using data acquired with a bi-static measurement.
The results in this paper do not guarantee that our proposed method is effective for any arbitrary targets. For example, to apply the proposed method to medical imaging, other hard problems need to be resolved, since both the media and targets for medical imaging are inhomogeneous, which is opposite to our simple model. Additionally, the proposed method has to be extended to estimate concave-shaped targets, because our method was designed assuming only convex-shaped targets. Thus, the proposed method can be considered effective only in certain applications such as industrial inspection for manufacturing, where it is needed to obtain images of simple-shaped convex targets.
CONCLUSION
We have presented the initial results of an ultrasonic imaging experiment using two imaging methods, the conventional migration method and an extended Envelope method. Each method was applied to ultrasound measure- ment data acquired with a 128-element concave element array. The results demonstrate that the Envelope method can produce clearer images than the conventional migration method. In addition, the image quality of the Envelope method does not deteriorate when using a smaller number of elements, to as low a number as 16. This finding suggests that by using the Envelope method, a simplified low-cost element array for medical ultrasonic imaging can be realized.
where Rð Þ is the rotation matrix, 
are defined. Note that the original Envelope method [14] assumed a linear element array, corresponding to the setting Â i; j ¼ 0 for all i and j because all the elements r i are on the same straight line. The algorithm described above is a natural extension of the original method, and is obtained by generalizing the layout of elements so as to not be restricted to only a circular array. The k-th point x ¼ x i; j;k that satisfies Eq. (19) 
